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Introduction
Discarding of commercial species takes place at high rates in Danish mixed-species fisheries in the Kattegat and Skagerrak . Among other species, Nephrops (Nephrops norvegicus), cod (Gadus morhua), and plaice (Pleuronectes platessa) are targeted. Discarding of cod gives cause for particular concern, because the International Council for the Exploration of the Seas (ICES) states that the stock is at a historically low level in the Kattegat and overfished in the Skagerrak (ICES, 2009) . In recent experiments with commercial trawls, .50% by number of Nephrops caught were below the minimum landing size (MLS; 40 mm carapace length, CL; Krag et al., 2008; Frandsen et al., 2009) . Investigations have shown that survival of discarded Nephrops ranges from 12 to 85% (Evans et al., 1994; Castro et al., 2003; Harris and Ulmestrand, 2004) , while survival of the Nephrops that escape from the trawl during the fishing process is 82% . Hence, the overall survival of undersized Nephrops could be improved significantly by making the fishing gear more size-selective.
Theoretically and experimentally, both mesh size and mesh shape affects the L 50 (L x is the length at which x% is retained) and the SR (selection range ¼ L 75 2 L 25 ) of Nephrops significantly (ICES, 2007; Frandsen et al., 2010) . Compared with diamondmesh codends, square-mesh codends with the same nominal mesh size are more size-selective, i.e. have a higher L 50 and a lower SR (ICES, 2007; Frandsen et al., 2010) . Square-mesh codends also have good selective properties for roundfish such as cod (Halliday et al., 1999) , haddock (Robertson and Stewart, 1988; Halliday et al., 1999) , and whiting (Robertson and Stewart, 1988) . For some species of flatfish, however, square-mesh codends yield lower values of L 50 than the equivalent diamondmesh codends (Walsh et al., 1992; He, 2007) . Therefore, the selective properties of square-and diamond-mesh codends differ for different morphological groups, such as for flatfish, roundfish, and Nephrops. The optimum mesh shape is theoretically related to the cross-sectional shape of the species (Herrmann et al., 2009) .
With knowledge of species-specific behaviour and the different selective properties, selectivity can be optimized by combining different netting materials in the same codend. Many earlier studies on species-specific behaviour focused on species separation at the mouth of the trawl (Main and Sangster, 1982) . Once the fish have entered a trawl, they usually stay clear of the netting panels unless the straight path is blocked (Glass et al., 1993; Glass and Wardle, 1995) , so they travel towards the codend, where most escape attempts are made just in front of the catch build-up (O'Neill et al., 2003; Jones et al., 2008) . Previous investigations of species-specific behaviour in the aft end of a trawl and in the codend have shown that Nephrops tend to remain low in the net (Briggs, 1992; Krag et al., 2009a) . Plaice also seem to stay low in the aft end of the trawl, but cod have a more uniform vertical distribution (Krag et al., 2009a) , and haddock and whiting stay high (Krag et al., 2009a) . Cod, haddock, and whiting have been reported to escape through square-mesh windows in the extension and upper panel of the codend (cod: Madsen et al., 2010; haddock: Frandsen et al., 2009; whiting: Briggs, 1992) . We here document the vertical direction of escapement through the codend for five different species, so providing additional information on the selection process.
A 90 mm diamond-mesh codend with a 120 mm square-mesh window is included in the legislation for the Kattegat and the Skagerrak, and is commonly used. For most commercial species, however, the SR of this codend is high (e.g. cod 10.93 cm, haddock 18.56 cm; Frandsen et al., 2009) , so the risk of discarding and the loss of legal-sized fish is high. In addition, a 70 mm square-mesh codend is allowed, but only in combination with a rigid sorting grid (35 mm bar spacing). Selectivity experiments with square-mesh codends have been conducted in other Nephrops fisheries, using relatively small meshes (40 -55 mm; Stergiou et al., 1997; Bahamon et al., 2006; Sala and Lucchetti, 2010) , but only one experiment testing a square-mesh codend (60 mm) in the Skagerrak and Kattegat has been reported (Larsvik and Ulmestrand, 1992) . The existing selectivity estimates for Nephrops in a 70 mm square-mesh codend are therefore based on extrapolations and assumptions.
To assess the selective properties of each type of netting, the codends we tested had no additional selective devices. Two codends, a commercial 70 mm (3 mm single twine) square-mesh codend (standard SMC) and a commercially used 90 mm (5 mm double twine) diamond-mesh codend (standard DMC), were investigated in terms of their selectivity for Nephrops, cod, haddock, plaice, and whiting. Also, the species-specific differences in the direction of escapement through the codend meshes were investigated with the aim of obtaining knowledge of the potential for species separation in the codend. Further, our experimental setup allowed between-trial variations in the estimated selection parameters to be assessed, because two trials using different vessels, trawls, and towing time were conducted.
Experimental methods
The selectivity of the codends was estimated using the covered codend method (Wileman et al., 1996) . Two codends were tested: a standard DMC with a nominal mesh size of 90 mm and a standard SMC with a nominal mesh size of 70 mm. Further information on the netting material is given in Figure 1 . The standard DMC had 92 meshes around and the standard SMC had 90 bars around. On the basis of estimates of mesh openings in the standard DMC ranging from 08 to 358 and lengths of the tensionless bars in the standard SMC ranging from 47 to 94% of the stretched bar length , the circumference of the two codends is estimated to be about the same. The netting material of both was the same as the netting used in commercial fisheries in the area.
Nephrops fishing is generally conducted on soft sediments, where the action of the trawl gear tends to cause resuspension of sediment. Hence, visibility is poor and divergence between visual observations and actual catch may arise under these conditions (Krag et al., 2009b) . Alternatives to visual observations for quantifying the reaction of fish to different netting panels are therefore needed. For this purpose, we developed a codend cover that was divided horizontally, providing an upper and a lower compartment (Figure 2) . The horizontal partitioning panel in the cover constrained escapees to either the upper or the lower compartment, depending on the panel of the codend through which they escaped. The design, therefore, allowed estimation of the fractions of each species that escaped upwards or downwards through the codend. This novel cover design was developed and tested in full scale in the Hirtshals flume tank before the sea trials. Covers were made of polyethylene netting with a measured mesh size of 36.4 mm. A combination of kites, weights, and floats, as prescribed by Madsen et al. (2001) , was used to maintain the geometry of the covers during fishing (Figure 2 ). The drag of this type of cover is expected to be relatively low (Madsen et al., 2001) . In both codends, the horizontal partitioning panel in the cover was attached to the seam of the codend, and the netting of the panel was orientated to form diamond-meshes. This design should minimize the influence of the cover on the mesh openings of the codend and leave the partitioning panel slack enough to allow movements of the codend. Inspection of the standard DMC with cover in the flume tank demonstrated that these requirements were met. Furthermore, the codend was clearly capable of assuming the bulbous shape characteristic for a diamond-mesh codend at catches as small as 150 kg. The bulbous shape causes the rows of meshes just in front of the catch build-up to be more open. To be able to conclude that fish and Nephrops that ended up in either the upper or the lower cover compartment had escaped through the corresponding panel of the codend, it is essential that no exchange between the two compartments is possible. The horizontal partitioning panel was made of the same small-mesh netting as the covers, and from the codline, the cover was divided into two separate compartments (upper and lower; Figure 2 ). As fish escape mainly through the open meshes just in front of the catch build-up, the distance they travel before they end up in the separate compartments is short. A potential exchange between the covers of the smallest fish is therefore restricted almost totally. 
Sea trials
Two cruises were conducted on-board commercial vessels in the Kattegat and the Skagerrak in 2006 and 2007 (Figure 3) . In September 2006, the 294 kW stern trawler FN234 "Canopus" was used. It was rigged for twin-trawling with two identical trawls, which were combined fish and Nephrops trawls with a nominal mesh size of 80 mm and a circumference of 480 meshes. Design of the vessel limited the size of the cover catch that could be processed, so in 2007 a new vessel that allowed larger catches to be processed, and hence longer hauls, was chartered. In August 2007, the 386 kW stern trawler RS30 "Mette Amalie" was used. Like the "Canopus", it was rigged for twintrawling with combined fish and Nephrops trawls with a nominal mesh size of 100 mm and circumference of 460 meshes. Choice of fishing ground was based on skipper knowledge of catch distribution of the primary target species of the study; Nephrops, cod, and plaice. The two cruises therefore differed in vessel, trawl, and catch size, so the results can indicate the sensitivity of the selectivity of the codends to such differences. In both years, the two test codends with covers fished simultaneously in the twintrawl rig, and to avoid bias attributable to differences in performance between starboard and port trawls, the codends were interchanged throughout the cruises. In all, 24 daylight hauls with each codend design were made (Table 1) .
Measuring the catch
To minimize selection at the surface, the covers and codends of both trawls were hauled onto the deck before processing the catch. In 2006, cod, plaice, haddock, and whiting were measured to the centimetre below, and the CL of Nephrops to the millimetre below with electronic calipers. We used the midpoints of the length classes in the analyses. In 2007, the number of days at sea was limited, so to optimize the number of hauls, only cod, plaice, and Nephrops were measured individually because these three species are the most important in this fishery. Nephrops and whiting catches were subsampled when large. Weight of the measured fish and Nephrops was estimated using month-specific length-weight conversion factors for fish (Coull et al., 1989) and gender-specific conversion factors for Nephrops (ICES, 1995) . Total catch weight was taken as the sum of the weight of the measured fish and the weight of the rest of the catch, including debris.
Data analysis
Data from the two cruises were analysed separately. For estimating the selection parameters, data from the upper and the lower covers were summed for each haul of each codend. Estimates were based on unraised data, i.e. including both the raw data and the subsampling ratio. In cases of subsampling of the cover catch, a joint subsampling ratio was estimated for each length group according to the following equation: joint subsampling ratio ¼ count/raised, where count is the total number of sampled animals in the upper and lower cover and the term raised refers to the estimated number of animals in the two cover compartments obtained by dividing the count in each compartment by the corresponding subsampling ratio, then adding the two estimates.
Initially, CC2000 software (www.constat.dk) was used to analyse the data on haul level. A goodness-of-fit test, referring the deviance to a x 2 distribution (Wileman et al., 1996) , showed that a logistic curve described the data well and that a lack of fit was indicated for one haul only (Table 2 ). Reasonable numbers of all species were caught in most hauls, with plaice in 10 hauls of the 2006 sea trials as the only exception ( Table 2 ). The size distributions of haddock and whiting fitted their selective range in the standard DMC, but not in the standard SMC, and vice versa for Nephrops. The few individuals in the selective range resulted in a lack of convergence when analysing data on a haul level (Table 2 ). Subsequent combination of selection curves using Fryer's model (Fryer, 1991) would therefore not include all available data, so to optimize the use of our data, we used a generalized non-linear mixed model (GNLMM). The method is described by Millar et al. (2004) , and the complete model includes the betweenhaul variations of both L 50 and SR as random variables, and gear type as the dependent variable. In cases where the complete model did not converge, parameters on haul level were inspected to evaluate whether the smallest between-haul variation was on L 50 or SR. Excluding the between-haul variation on this parameter would always make the model converge. Non-significant effects of gear type on either L 50 or SR were excluded from the model, and the analysis was run again. The model was fitted with the NLMIXED procedure available in the statistical software package SAS, as prescribed by Millar et al. (2004) . When comparing L 50 or SR between the two codends, we used the significance estimates provided by the model. Overlap of the 95% confidence limits of the parameters was used to compare the selectivity of the codends between the two years.
The data were first raised by use of the subsampling ratio, then the direction of escapement was estimated for each haul as the number of escapees retained in the upper compartment divided by the total number of escapees. In cases in which the directions of escapement were normally distributed, the significance of the differences between the two gears was tested with a paired t-test. When the test for normality failed, data were instead tested using a Wilcoxon signed rank test. The correlation between direction of escapement and fish length was also tested; data for single length groups were treated as above, but length groups that contained fewer than five animals within a haul were excluded from that haul. Linear regressions based on the least-squares method were used to determine whether the slopes of the regression lines deviated significantly from zero.
Results
In 2006, 18 hauls were conducted, and in 2007 there were 6 hauls ( Table 1 ). In 2006, the duration of haul was limited to about 1.5 h to preclude large catches in the covers. The design of the vessel used in 2007 allowed larger catches to be handled, and the duration of haul was extended to 3.5 h, which increased the mean catches in the test codends from 184 to 284 kg and from 126 to 309 kg for the standard DMC and the standard SMC, respectively ( Table 1 ). The composition of the catch differed between years (Table 2) . By weight, the mean catches of Nephrops ranged from 18.5 to 21.5 kg per haul, with no difference between years, whereas catches of cod were 85% lower in 2007 than in 2006 and catches of plaice were three times higher in 2007. Subsampling ratios of Nephrops and whiting ranged from 0.11 to 0.75.
Selection parameters
For the roundfish cod, haddock, and whiting, the NLMIXED model yielded significantly (p , 0.001) higher estimates of L 50 for the standard SMC than for the standard DMC, differences ranging from 9 to 15 cm (Table 3 ). In 2006, the modelled SR estimates were significantly (p , 0.05) higher in the standard SMC for cod and haddock. For whiting in 2006 and cod in 2007, no significant (p . 0.05) difference between the estimated SR values for the two gear types was found, so the gear effect on SR was excluded from the NLMIXED model in these cases.
The NLMIXED model yielded significantly (p , 0.001) lower estimates of L 50 for plaice for the standard SMC than for the standard DMC, differences ranging from 4 to 6 cm ( Table 3 ). The reduction in L 50 corresponds to the difference in mesh size between the codends, so the resulting selection factors (SF ¼ L 50 /mesh size) are similar (Table 3) . A significant (p , 0.05) difference in SR estimates between codends was found only in 2007; the estimate of the standard DMC was 1.3 cm greater than that of the standard SMC.
Nephrops were collected both in 2006 and 2007, and estimates are given in Table 3 . For both years, the NLMIXED model yielded significantly (p , 0.0001) higher estimates of L 50 for the standard SMC than for the standard DMC. The SR estimates were significantly (p , 0.01) higher for the standard SMC in 2007, but there was no significant difference in 2006.
Cod, Nephrops, and plaice were measured in both years, and a small increase in the estimated L 50 was detected for all three species in the standard DMC in 2007 compared with 2006. However, the increase in L 50 was not significant (p . 0.05), nor were the differences in SR between years (Figure 4) . For the standard SMC, the 
Vertical direction of escapement
Only Nephrops and whiting showed a pronounced preference in the direction of escapement in both gears and in all hauls based on all length groups combined ( Figure 5 ). Therefore, depending on codend design, 85.0 -93.7% of the Nephrops escaped downwards through the lower panel of the codend, whereas 66.8 -90.9% of the whiting escaped upwards through the upper panel. For some species, the type of codend had a significant effect on escapement behaviour. Both haddock and whiting showed a significantly (p , 0.05) different preference in the direction of escapement in the two codend types. For both species, more fish escaped upwards in the standard SMC ( Figure 5) .
Plots of the direction of escapement vs. length revealed significant correlations for several species (Figure 6 ). Although significantly different from zero, the slope of the regression line was negligible (,0.01) usually. However, cod in both codends and haddock, plaice, and whiting in the standard DMC showed a pronounced negative relationship between the length and the direction of escapement. A pronounced positive relationship was found only for haddock and plaice in the standard SMC.
Discussion
Our novel cover design worked well and allowed estimation of both selection parameters and evaluation of the vertical direction of escapement. The relationship between length and preference of direction of escapement was consistent for the entire size range, demonstrating that any migration of small individuals between the two compartments of the cover was minimal. The results demonstrate that the selective properties of a standard SMC and a standard DMC differ significantly, and that the optimum mesh shape is species-specific. The selectivity of the two codends was consistent between trials, with Nephrops in the standard SMC being the only exception. Selectivity of Nephrops may be affected by the catch composition which, in 2006, was dominated by Nephrops and roundfish and, in 2007, by Nephrops and flatfish.
The relatively small vessel (characteristic for the fishery) and hence the difficulty in handling the covers restricted the catch weight that could be handled in the experiment. A rough estimate of commercial catch sizes, including discards, can be made from the Danish discard database by extracting data on standard 90 mm codends for the past 5 years. For vessels below medium size (,400 hp), catch weights ranged from 158 to 1400 kg for the Kattegat (n ¼ 27, 24 of which were within the range of catches of the standard DMC, 85 -541 kg), and from 92 to 1481 kg for the Skagerrak (n ¼ 50, 20 of which were within the range of our experiments). The total catch rates obtained in the present study are therefore within the norm for the fishery, and also within the range of results previously reported as being similar to normal practice in the Swedish Nephrops fishery (Valentinsson and Ulmestrand, 2008) . Our results are therefore considered to be representative of smaller vessels in Nephrops-directed fisheries. However, this restriction in representativeness may change soon with the implementation of highly selective devices, such as grids (Catchpole et al., 2006; Valentinsson and Ulmestrand, 2008; Frandsen et al., 2009 ) and escape windows . These additional devices are expected to reduce the codend catch weight substantially, and they have already been enforced seasonally in part of the Kattegat, to protect the cod stock.
Selection parameters
Selection factors (SF ¼ L 50 /mesh size) can be used to compare our results with the results of previous experiments on Nephrops-directed fisheries. As twine thickness influences the selectivity of a codend (Lowry, 1995; Herrmann and O'Neill, SF ¼ L 50 /(measured mesh size × 1.04), where 1.04 is the approximated conversion factor between the ICES gauge and the EU wedge (Ferro and Xu, 1996) . Data in parenthesis are the 95% confidence limits. 2006), only experiments testing codends made of netting reasonably similar to that tested here were used when evaluating the estimated selection parameters.
The SF values for cod, haddock, Nephrops, plaice, and whiting in the standard DMC were all low compared with the SF estimates reported previously (cod, 2.4; haddock, 2.4 -2.6; Nephrops, 0.28 -0.38; plaice, 2.3; whiting, 2.7; Madsen et al., 2008; Frandsen et al., 2009) . Small catches limit the opening of diamond-meshes and result in lower estimates of L 50 (O'Neill and Kynoch, 1996; Herrmann, 2005) , and this effect may be increased by the thick double twine used in this experiment. Although catches increased by .50% in 2007, they were still at the lower end of catches evaluated by the studies referred to above. The mean catch weights of those studies ranged from 300 to 393 kg. Based on simulations, it is predicted that an increase in catch weight from 170 to 290 kg in a diamond-mesh codend (100 mm, 100 meshes around) will lead to an increase in the L 50 of haddock by 4 -5 cm, whereas a catch increase from 170 to 500 kg may increase the L 50 of haddock by as much as 10 cm (Herrmann, 2005) . The increase in catches in the standard DMC from 2006 to 2007 did not result, however, in a significant (p . 0.05) increase in the L 50 of any of the three species that we measured in both years.
For the standard SMC, comparable selection estimates are available for Nephrops only. The SF estimate for Nephrops in the standard SMC was within the range of the earlier studies (Nephrops, 0.40 -0.63; Larsvik and Ulmestrand, 1992; Stergiou et al., 1997; Campos et al., 2002; Bahamon et al., 2006; Sala et al., 2008; Sala and Lucchetti, 2010) .
In general, the standard SMC yielded higher estimates of L 50 / SR for all roundfish species and Nephrops than did the standard DMC. For these species, therefore, an increase in L 50 is not associated with a proportional increase in SR, and the standard SMC hence has better selective properties for roundfish and Nephrops. In contrast, plaice gave the highest estimates of L 50 in the standard DMC; SF values of the two codends were, however, comparable. The standard DMC was expected to have better selective properties for plaice, but the relatively soft and thin netting (3 mm polyamide vs. 2 × 5 mm polyethylene) of the standard SMC, in combination with the relatively small catches, may explain why the difference between the two codends was not pronounced in the present experiment.
Vertical direction of escapement
In line with the results of previous investigations (Hillis and Earley, 1982) , Nephrops escaped almost exclusively through the lower panel of the codend. Interestingly, the only fish species that exhibited a distinct preference in the direction of escapement was whiting, which primarily escaped upwards. Haddock, which has previously been shown to stay high in the extension piece (Krag et al., 2009a) , and escape through square-mesh windows in the top panel of the codend (Madsen et al., 1999; Graham et al., 2003 , only showed this preference in direction of escapement in the standard SMC; haddock caught in the standard DMC tended to escape downwards.
The swimming speed of fish is size-dependent (Breen et al., 2004) , so because the fish escaping from the codend are small, their ability to navigate within the trawl cavity could be expected to be limited. However, the maximum sustainable swimming speed of a haddock 16 cm long is 0.8 knots (Breen et al., 2004) , and at a towing speed of 2.9 knots, water flow in a partially fishfilled codend has been found to range from 0 to 0.6 knots (Main and Sangster, 1981) . On the basis of this knowledge, we assume that a pronounced direction of escapement, at least for the larger escapees, reflects a species-specific preference.
The differences between the observed preferences in terms of direction of escape in this and in previous work are not necessarily contradictory, because the present setup did not include an alternative escape route, as do experiments with square-mesh panels. It is likely that introducing such a selective device in the standard DMC would alter the preferred direction of escape of species such as haddock, for which behaviour has previously been shown to be influenced by visual cues (Glass and Wardle, 1989) .
The natural behaviour of most fish is to stay clear of netting, and this natural avoidance response can be modified by manipulating the visual stimulus presented by the netting panel (Glass et al., 1993) . The contrast of the netting used for the two codends is expected to be different, because the standard DMC is constructed of dark (green) heavy (2 × 5 mm) twine, whereas the standard SMC is made of white thinner (1 × 3 mm) twine. All fishing was conducted during daylight, so we assume that the standard SMC presented a lower contrast in the light from the surface and may therefore appear a more attractive escape route. Rather than the difference in mesh shape, these factors may explain the different behaviour of some of the species in the standard SMC and the standard DMC.
Length-dependent differences in vertical preference of fish in trawls have been observed for several species, including haddock, cod, whiting, and plaice (Holst and Revill, 2009; . In our study, cod in particular exhibited a pronounced length-dependence, with small fish escaping upwards and larger fish escaping downwards. This is in contrast to the behavioural pattern found farther forward in the trawl (Holst and Revill, 2009; . However, those studies investigated larger fish, so the slope of the regression lines is not comparable with those found here.
Conclusions
The results of our study have confirmed the belief that the selectivity of the conventionally used standard DMC is poor, and they further suggest that this is particularly so in the cases of small catches and relatively thick double twine. Owing to the relatively small catches, the outcome of this study is most applicable to Nephrops-directed fisheries under similar conditions. In future, such conditions are probably to result from implementation of highly selective devices that are expected to reduce the codend catch weight substantially.
The selective properties of the 70 mm standard SMC are significantly better for Nephrops and roundfish than those of the 90 mm standard DMC. The use of a standard SMC is therefore expected to reduce discards of these species significantly. However, the estimated selection parameters for Nephrops in the standard SMC demonstrate that using a mesh size of 70 mm would result in loss of legal-sized (.40 mm CL) catch. In terms of plaice, the selectivity of the 70 mm standard SMC is more in conflict with the regulations on MLS (27 cm) than the selectivity of the 90 mm standard DMC. The use of a standard SMC would therefore be expected to increase the discarding of that species.
The positive effect of combining mesh shapes has previously been attained by inserting square-mesh windows in diamondmesh codends, but the aim of those gears was primarily to reduce the discarding of roundfish. The results of the present study demonstrate the potential benefits of combining different nettings in the codend to improve the selectivity of a wider range of species in mixed-species fisheries.
Our study has shown that only whiting and Nephrops have a strong preference to escape either from the upper or the lower panel. For those species, an additional escape panel with an optimized netting configuration would theoretically influence the selectivity only if it is placed in their preferred direction of escapement. For all other species, we would expect such a panel potentially to improve the selectivity of the codend, irrespective of its vertical position. However, the behavioural patterns in the codend may be altered by the visual cues introduced when different nettings are combined. Further studies of such composite codends, designed to optimize multispecies selectivity by exploiting differences in behaviour and morphology, are therefore needed. Such studies should also take the length-dependent differences in behaviour into account.
